Based on known metabolic pathways involved in the biosynthesis of cell macromolecules, the amount of energy (ATP) required for the formation of microbial ceils can be estimated. For a microbial rumen population of mixed species, the estimated YATP (grams dry weight ceils formed per mole ATP expended) is 29 to 30 for growth on rich media containing preformed monomers and is 20 to 29 for growth on simple media containing carbohydrate and inorganic salts. The ranges in these values result from changes in the composition of the cells formed and not from changes in efficiencies of growth per se. Assuming equal amounts of growth in the rumen occur on rich and simple media conditions, the maximal theoretical YATP would be 26 and this might be lowered to 21, if large allowances are made for ATP expenditures for transport processes. Experimentally determined YATP values often are considerably lower than these theoretical values due to the influence of ATP expenditures for maintenance during growth and variations of YATP with growth rate. The data from nutrient-limited continuous culture (chemostat) studies of single or mixed species indicate rumen bacteria have the potential for a low growth maintenance requirement (Me) and high cell yields (YAM~X~ of 19 to 20), However, cell yields become progressively lower with decreasing growth rate, increasing Me, or both as a greater proportion of the ATP produced is diverted to maintenance functions. M e varies Presented during the 1978 ASAS-ADSA meetings held at Michigan State University, East Lansing, as part of the Ruminant Nutrition Symposium on "Quantitative Aspects of Nitrogen Metabolism in the Rumen." 2 Depts. of Dairy Science and Microbiology.
Summary
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with both bacterial species and growth conditions and is composed of numerous components such as ATP expenditures or losses for motility, turnover, extracellular polymer formations, transport, or energetic uncoupling. A limitation of biosynthetic functions relative to ATP production by catabolism results in both increased energetic uncoupling and Me, but lower cell yields. This situation can occur readily with bacteria, particularly when biosynthesis is restricted by availability of N sources. Data on rumen NH3 levels and on NH3-affinity constants of rumen bacteria indicate that with many diets the prevailing rumen NH3 levels would seldom limit growth per se via energetic uncoupling. Concentrations of amino acids, oligopeptides, and (or) branched chain volatile fatty acids in the rumen 4 hr or more postfeeding often may be too low to permit good growth, resulting in higher M e via energetic uncoupling and in reduced cell yields. Overall, in vivo factors such as availability of the above nutrients are the major influences on bacterial cell yields as in vitro data indicate the rumen bacterial population as a whole has metabolic potential for efficient growth. 
Introduction
The factors that can affect the efficiency of microbial growth in an ecosystem are often as numerous and complex as the microbes that inhibit that ecosystem. The tureen ecosystem is probably one of the best studied and best understood natural ecosystems. It has a distinct advantage over other ecosystems, such as fresh water or marine sediments, in that the rumen can be readily manipulated through dietary input or feed additives. However, it is this property that makes this ecosystem complex 1640 JOURNAL OF ANIMAL SCIENCE, Vol. 49, No. 6, 1979 and clearly indicates that present day knowledge is insufficient to explain many of the changes in microbial interactions or microbial growth that occur under various feeding regimens. In this article, we will discuss some of the factors that affect efficiency of microbial growth. The factors to be discussed are in the context of how they relate to the microorganism's use of available nutrients, its energy costs for cell formation and its degree of effective utilization of energy produced from fermentative metabolism. Theoretical calculations based on established knowledge of the biochemistry and physiology of microorganisms will be used as the starting point for evaluating these aspects. Experimental data and literature references will be employed more for illustrative purposes rather than for a comprehensive review which is beyond the scope of this article. We wish to bring out that at least in many instances, the observed effects on rumen microbial growth yields are consistent with theoretical expectations. HopefuUy, some of the information will be helpful in evaluating data related to rumen microbial growth.
Theoretical Calculations of YATP Values
The relationship between energy formation and its subsequent utilization for formation of microbial cells can be studied from a theoretical viewpoint. In theory, two types of information are needed: 1) a set of equations that accurately describes energy expenditures in cell biosynthetic reactions and 2) a reasonably detailed analysis of the macromolecular composition of ceils to be formed. The former aspect will be discussed first.
Based on known metabolic pathways involved in biosynthesis of microbial ceils, the amount of energy in the form of ATP required to form any one microbial cell macromolecule can be calculated with reasonable accuracy. Although the theoretical calculations (table 1) used in this paper have been refined based on newer data and often use slightly different biosynthetic pathways, the values for net moles of ATP required per mole of polymer formed are similar to those calculated by other previous researchers (Gunsalus and Shuster, 1961; Forrest and Walker, 1971; Stouthamer, 1973; Rittenberg and Hespell, 1975) . For protein synthesis, it was assumed that 1 mole ATP/ mole protein formed was needed for mRNA synthesis. This calculation may be an overestimate as it implies that each mRNA molecule is used only six times in protein synthesis, but essentially no data are available for anaerobic bacteria for the average number of protein molecules made per mRNA molecule. In our calculations the route of RNA synthesis is through phosphoribosyl-pyrophosphate (PRPP) aAdapted from Rittenberg and Hespell (1975) , Stouthamer (1973) , Forest and Walker (1971) and Gunsalus and Shuster (1961) .
bAbbreviations used: AA-tRNA, aminoacyl-transfer RNA; rnRNA, messenger RNA; PRPP, phosphoribosylpyrophosphate; NMP, ribonucleoside monophosphate; NTP, ribonucleoside triphosphate; dNTP, deoxyribonucleoside triphosphate ; N-AcG, N-acetylglucosamine ; N-AcM, N-acetylmuramic acid. and nucleic acid bases as intermediates. DNA synthesis is calculated through the formation of deoxyribonucleoside triphosphates (dNTP) via the sequential actions of the ribonucleotide reductase system and appropriate nucleotide kinases. An extra ATP for DNA vs RNA synthesis is necessary for the formation of dTTP from dUDP. For synthesis of lipids, the major cell phospholipid was assumed to be phosphatidylethanolamine containing two C-16 fatty acids (palmitate) and that this phospholipid is formed from glycerol and acetate as precursors. Thus, this lipid biosynthesis requires a large ATP expenditure; however, use of other precursors (e.g., acetyl-CoA) would lower the ATP requirement considerably. This point will be discussed more fully later. Finally, both polysaccharide and peptidoglycan (=-mucopeptide or murein sacculus) polymers are considered to be formed through the standard UDP-carbohydrate intermediates. The biosynthetic pathways involved in the above calculations are far too detailed to present here, but information on these is readily available (Mahler and Cordes, 1966; Doelle, 1975; Stanier et al., 1976) .
Having established the ATP expenditures needed for formation of microbial cell polymers, one can calculate the total ATP expenditure needed for formation of microbial cells of a given cell composition. Cell compositions can be determined by direct analysis or calculated as an average from numerous direct analyses or appropriate data. As shown in table 2, the calculated or direct cell compositions of a population of mixed rumen bacteria can be, for the most part, not dramatically different from those observed with other bacteria. Rumen bacterial cell compositions tend to be similar to a gram-negative cell composition, as expected, since the majority of rumen bacteria are gram-negative. Given the ATP requirements for polymer formation (table 1) 
Experimentally Determined YATP Values
The term YATP was introduced by Bauchop and Elsden (1960) who determined this value experimentally. The general procedure these and subsequent workers used was to grow a microorganism anaerobically on a complex medium (carbohydrate, Trypticase, yeast extract) that contains all of the preformed cell monomers (amino acids, nucleic acid bases, etc.). Microbial growth in the medium is limited by the amount of added carbohydrate which serves as the energy source. By determining the number of cells formed and amount of carbohydrate used, and by knowing the fermentative pathway by which the carbohydrate is catabolized and thus the net amount of ATP formed, the observed YATP can be calculated. Observed YATP values have been determined for numerous (both rumen and nonrumen) (Satter and Slyter, 1974; Isaacson et al., 1975) for mixed rumen bacteria are considerably lower than the theoretical YATP values of 27 to 32 (table 3) . Although with some studies it can reasonably be argued that experimental design and (or) techniques contributed to low observed YATP values, a more logical and relevant approach is to consider that the theoretical calculations made previously are incorrect or do not reflect biological reality.
Since calculations on the ATP requirements for formation of polymers (table 1) are based on firmly established biochemistry, these calculations are probably not a major source of error. Several other aspects will now be discussed and these can explain the low observed YATP to theoretical YATP ratio and have relevance to efficiency of microbial growth in the rumen. Buchanan and Pine (1967 ) Howlett et al. (1976 ) Macy et al. (1975 ayAT p values were taken directly or calculated from data given in the appropriate reference. All ATP generation was assumed to come from substrate phosphorylation and the organisms were grown anaerobically on complex media. (Hungate, 1973) have shown the polysaccharide content of this organism to vary greatly. Similar studies with Megasphaera elsdenii have indicated polysaccharide content can vary from 11 to 30% dry weight and protein content from 38 to 55% (R. Mink and R. B. Hespell, unpublished data). It is reasonable to assume that significant changes in cell composition of mixed rumen bacteria also occur in vivo depending upon the nature of the components in the diet, the time with respect to feeding at which the sample is obtained, or the site at which the sample is removed (abomasal orifice; dorsal mat; dorsal, midpoint, or ventral fluid; etc.). For example, studies of McAllan and Smith (1977) with ciliate protozoa-free calves clearly showed that both diet and time after feeding can yield bacterial populations having polysaccharide contents from 6 to 23% (dry weight). Hoogenraad and Hird (1970) have reported low polysaccharide (about 8%) and high lipid (about 25%) for rumen microbes.
The influence that cell compositional changes can have on theoretical YATP values is illustrated by the calculations given in table 5 in which the general cell composition is for rumen bacteria obtained (4 hr postfeeding, high forage) from a dairy cow. Formation of microbial ceils with low or high polysaccharide content results in almost identical theoretical YATP values. This results because a cell that is storing polysaccharide is not undergoing an optimal rate of cell division due to some type of nutrient limitation (usually N) leading to both a reduced demand for protein synthesis and only one genomic copy of the DNA during most of the cell generation time. Consequently, the increased ATP expenditure for polysaccharide synthesis is matched by the decrease in ATP demand for overall nucleic acid synthesis. On the other hand, to form cells with a high lipid content or cells with high protein with increased lipid requires more ATP as evidenced by the 14 to 16% decrease in the theoretical YATP values. Although these cell composi- (table 4) as compared to theoretical YATP values (tables 3 and 5), these changes can influence determinations of in vivo or in vitro microbial cell yields as will be discussed later. lnfluence of Growtb Nutrients. A second possibility as to why theoretical YATP values are much higher than many observed YATP values is that the calculations assume there is no ATP expenditure for biosynthesis as growth occurs in an environment replete with ample concentrations of all needed monomers. This situation is probably never fully obtainable, except for Bdellovibrio bacteriovorus which grows within the periplasm of gram-negative bacteria. Many bacteria, particularly the cellulolytics such as Ruminococcus albus and Bacteroides succinogenes, are capable of growth on simple media composed of a carbohydrate, certain volatile acids, some vitamins, and inorganic salts. Even in more complex media containing amino acids, many rumen bacteria still derive much of their cell nitrogen from ammonia (Bryant and Robinson, 1963) which is consistent with data from in vivo rumen studies that indicate on the average some 50 to 70% of bacterial cell nitrogen can come from ammonia (e.g., Pilgrim et al., 1970) . Thus, in the rumen a portion of the bacteria is probably growing on a carbohydratevitamin-fatty-acids-inorganic salts type of medium with ammonia as N source.
Based on known biosynthetic pathways and cell compositions, ATP expenditure for biosynthesis of monomers can be deduced. These values can be added to the ATP cost for polymerization to obtain the total ATP expenditure for biosynthesis of cell macromolecular polymers from glucose-inorganic salts (table 6) . Under these growth conditions, data show that ATP expenditure for nucleic acid biosynthesis increases dramatically. However, energy costs for lipid synthesis decrease greatly as biosynthesis proceeds from acetyl-CoA derived from glucose catabolism and not from exogenous acetate as assumed in earlier calculations (table 1) . On the other hand, however, it must be realized that this last point may be overstated. Under actual growth conditions on complex media some of the acetyl-CoA probably is derived from the carbohydrate energy source or in the rumen, some of the bacterial lipids are derived from assimilated long chain fatty acids produced from degradation of plant materials. Thus, the YATP values for growth are complex depending upon the magnitude of either of these two possibilities. Using the ATP costs based on growth on glucose-inorganic salts as nutrients ( Stouthamer (1973 ) . CValues adapted from Rittenberg and Hespell (1975); Stouthamer (1973) ; Forrest and Walker (1971) ; and Gunsalus and Schuster (1961). .~ff
.v these extra ATP costs. However, for cells containing high levels of polysaccharide or protein, the increased ATP expenditure for biosynthesis from glucose-salts is minimal, whereas with high lipid containing cells the total ATP costs for cell formation actually decrease.
It is important to note here that cells growing anaerobically in a carbohydrate-inorganic salts environment are not necessarily growing with less efficiency than ceils growing anaerobically in a complex nutrient environment. Maximal efficiency is assumed to take place in both environments, but decreased cell yields per mole ATP formed by carbohydrate fermentation result with the simpler nutrient environment merely due to ATP costs for monomer biosynthesis. , rumen microbial samples should be analyzed in this way whenever possible. Probably the best means to measure rumen bacterial growth yields is by determination of peptidoglycan, or its constituents such as muramic acid, or diaminopimelic acid (DAP) levels (Weller et aL, 1958) . These compounds are present in the peptidoglycan layer of the cell wall and are unique to bacteria. In addition, the peptidoglycan content (% cell dry weight) does not vary nearly as greatly as other cell components due to the fact the surface area varies as a function of the square of the cell radius, whereas volume varies by the cube of the cell radius.
Energy for Nutrient Transport. Stouthamer (1973) . Assumes transport of 1 mole of amino acid, K +, NH 4 +, HPO 4 =, lactate, or acetate requires at least 1.0, .5, .5, 1.0, 1.0, or 1.0 mole ATP, respectively.
bpercent decrease compared to YATP value (28.8) on glucose.
assess whether dietary supplementation of nucleic acids would lead to increased in vivo cell yields. However, the addition of amino acids produces little, if any, energetic advantages, as some of the ATP needed for synthesis of some amino acids is provided by ATP formed in pathways leading to synthesis of other amino acids. The highest ATP costs for transport are for organisms growing on acetate-inorganic salts. These high transport costs result from the fact that no transport energy is required for glucose or other sugars entering via the phosphoenolpyruvate phosphotransferase system, whereas each mole of acetate enters the cell as acetyl-CoA and this requires the equivalent of one mole of ATP. In addition, three moles of acetate must be transported into the cell to gain the same amount of carbon present in 1 mole of transported glucose. These high transport costs plus necessity for ATP expenditures for monomer biosynthesis from acetate result in a theoretical YATP value of only 10. One would typically expect this YATP value for some methanogenic bacteria that grow on inorganic salts and form substantial amounts of their cell material from acetate (Bryant et al., 1971) . Data given in table 8 would suggest that the theoretical YATP values of 25.7 to 26.5 estimated earlier for mixed rumen bacteria should be reduced by about 18% to values of 21.1 to 21.7 to allow for ATP expenditures for transport processes. Since methanogenic bacteria represent only a small fraction of the total rumen microbial mass, these theoretical YATP values would not have to be reduced further to correct for the low theoretical YATP values and high transport costs associated with these organisms. On the other hand, an 18% reduction in the theoretical YATP for mixed tureen bacteria more than likely is an over-estimation and for several reasons perhaps little correction should be made for transport energy. First, transport of short chain monomers such as an oligosaccharide or oligopeptide requires the same energy input as would be expended for transport of a single sugar or amino acid. Therefore, for organisms like Bacteroides ruminicola which very effectively utilizes oligopeptides (Pittman and Bryant, 1964) , the transport energy costs would be much lower. A second, and perhaps more important reason, is that many anaerobic rumen bacteria might transport molecules by energized membrane mechanisms in which the membrane potential is created by anaerobic electron transport systems. Numerous anaerobic bacteria, such as Bacteroides species or Selenomonas ruminantium are known to contain cytochromes (de Vries et aI., 1973; Harris and Reddy, 1977; Reddy and Bryant, 1977) . Thus, the cytochrome mediated reactions such as reduction of fumarate to succinate might be used by rumen bacteria not to generate ATP via anaerobic oxidation phosphorylation per se, but rather to energize cell membranes for transport processes. With the anaerobic Veillonella alcalescens it has been shown that with membrane vesicles under anaerobic conditions active amino acid transport is driven by an electron transport system (Konings et al., 1975) . With Escbericbia coli membrane vesicles anaerobic transport of the lactose and (or) amino acids can be coupled to the electron transfer systems involving 2-glycerolphosphate or formate plus fumarate reductase (Boonstra et al., 1975) . Obviously, research should be carried out with rumen bacteria to see if similar types of mechanisms are present with regard to transport processes. Such mechanisms could partially explain why some rumen bacteria have higher observed YATP values than others (table 4) .
The three aspects discussed thus far (changes in cell composition, nutrient availability and transport energy costs) obviously can affect theoretical YATP values. When taken collectively, theoretical YATP values for rumen and other bacteria (table 3) could be reduced by some 20 to 25% to a range of theoretical YATP values of 22 to 24. Even these or further reductions may have to occur under rather unusual circumstances in which ATP expenditures would be maximized for each of the three above aspects. However, it is more probable that events such as increased ATP costs due to changes in cell composition are offset by decreased ATP costs for biosynthesis due to monomer availability in the growth medium. Therefore, other factors must be sought to explain the fact that observed YATP values arc often considerably lower than theoretical values. The other most logical major factor affecting observed YATP values is the maintenance energy requirement.
Maintenance Requirement: Components, Measurements and Effect on YATP Components
It is rather difficult to define accurately the maintenance requirement during growth (as opposed to viability maintenance during nongrowth conditions) and in the past the term has often been used somewhat ambiguously by researchers. The best definition for this growth maintenance requirement (M e ) that would be applicable under most circumstances is: the net apparent or real diversion of energy and (or) carbon from the growth-limiting (or energygenerating) substrate to processes not resulting in an increase of cell mass. By analogy to animal nutrition, bacterial M e would be equivalent to the sum of the energies needed for the basal metabolic rate plus the activity increment during growth, whereas bacterial viability maintenance would be equivalent to the energy needed for the basal metabolic rate alone. Given the above definition, M e can consist of a number of "components", each of which will vary in magnitude with various microorganisms and the particular environmental growth conditions. These components are: 1) energy for motility, 2) energy and nutrients needed for turnover of cell constituents, 3) energy and nutrients needed for production of extracellular proteins, carbohydrate polymers, etc., 4) energy needed for active transport, 5) efficiency of phosphorylation, 6) energetic uncoupling, 7) lysis and resynthesis of cells and 8) unknown factors.
In regard to motility, calculations suggest that ATP costs for most bacteria are quite low (Hespell et aL, 1974) . The major cell constituents that undergo turnover are proteins and to a lesser extent, the peptidoglycan. Most studies (Pine, 1972) clearly indicate that turnover rate for proteins is quite low (u~ually 1 to 3%/hr or less). Thus, energy expended for turnover also is quite low. Production of extracellular polymers such as cellulases, proteinases, nucleases, etc., requires both energy and nutrients. Although this production, in fact, results in a ma~s increase, these polymers are lost when microbial cells are collected for yield determinations. Even if one assumes a large figure--that 10% of the cellular protein is excreted as extracellular proteins-the resulting ATP expenditure could be calculated to be only about 3 to 5% of the total ATP needed for cell formation. The ATP costs for transport processes and their effects on theoretical YATP values were discussed earlier. Taken collectively, motility, turnover, extracellular polymer formation and transport would probably account for no more than 15% lowering in theoretical YATP values or of the total ATP needed for cell formation. It is the other components of M e and the overall magnitude of M e that can have a major influence on the observed YATP.
Measurement of M e . The overall rate at which an energy-generating substrate is catabolized (fermented) by a growing bacteria] population can be divided into two rates: rate of usage for maintenance and rate of usage for growth or mass increase. Using this approach, Pirt (1965) (Rosenberger and Elsden, 1960) and Selenomonas ruminantium (Hobson, 1965) produce less lactate and more acetate with decreasing growth rate. For every mole of increased acetate, an extra mole of ATP is formed via the acetate kinase reaction. Taking in this variation in ATP production per mole substrate fermented, de Vries et al. (1970) proposed that ATP production be determined by fermentation product analysis. These authors devised the following equation: (table 9) . Thirdly, for a given microorganism, the Me value will vary considerably depending on growth conditions. Thus, use of inadequate experimental designs, such as use of batch instead of continuous culture . techniques and the general lack of appreciation of bacterial growth maintenance requirements has produced falsely low observed YATP values in many studies.
The M e of 1.63 mmoles ATP/g dry wt cells/hr found for a mixed rumen population by Isaacson et aL (1975) is one of the lowest M e values found so far for bacteria. However, even this low M e value can greatly decrease microbial cell yields (table 10) depending on the specific growth rate of the microorganisms. Data in table 10 indicate that at low growth rates (~ dilution rates at steady state conditions) the majority of the ATP produced by fermentation is used for growth maintenance requirements and not growth, resulting in low cell yields. Therefore, in the rumen, provided other factors are equal, dietary feeding conditions (e.g., grinding of materials) that lead to an increase in Isaacson et al. (1975) . the growth rate of the rumen microorganisms will lead to increased microbial cell yields. This increased microbial protein may even be greater than that estimated by cell yields alone because the increased cell nitrogen in faster growing cells (table 10) may be more in the form of protein than in nucleic acids. As emphasized earlier, more in vitro and in vivo studies are needed to measure the compositional changes of rumen bacteria with changes in growth rate, rumen solids and liquid turnover rates and dietary feeding regimens. Finally, it should be pointed out that microbial growth maintenance requirements do not produce entirely negative consequences because at low growth rates the by-products, mainly volatile fatty acids, formed by the ATP-generating fermentations are still available to the host animal. (M e ) Considering all of the components in M e , one could almost expect any change in growth conditions would lead to some change in the M e . Similarly, one would expect that the magnitude of the M e change would be variable depending upon which component(s) of M e are most affected and the degree to which this component(s) influences the total Me value. For example, under tryptophan-limited growth of Enterobacter (Aerobacter) aerogenes, the M e was increased 25% simply by raising the NH4 C1 level (.2 to .4%) in the growth medium (table 9) . This probably reflects increased ATP costs for transport processes to maintain correct intracellular solute levels. For glucose-limited growth of Enterobacter aerogenes or Escbericbia coli, the Me value is about threefold greater for growth on glucose-inorganic salts media as opposed to growth on complex media (e.g., glucose-Trypticase-yeast extract). The exact reasons for these increased M e values are difficult to ascertain since many of the M e components, especially energy required for transport, are affected due to drastic changes in growth conditions. Hempfling and Mainzer (1975) have found with aerobic growth of E. coli that, depending simply on the growthlimiting substrate used, growth yields varied only twofold, but the maintenance coefficient varied as much as 25-fold. Clearly, studies should be done with rumen bacteria to investigate whether under anaerobic conditions similar M e variation occurs with the nature of the growth substrate. Such large positive changes in M e would drastically reduce observed YATP values (i.e., cell protein yields) particularly at low growth rates as if g = .06 (1.44 turnover/ day) Me = 20, the YATP is only 3 to 4, but is 11 to 12 if the Me = 5 (calculated from Stouthamer and Bettenhausen, 1973) .
Major Factors Influencing the Growth Maintenance Requirement
The two components of Me that can most affect the overall M e value and consequently the efficiency of growth are: efficiency of phosphorylation and energetic uncoupling. Efficiency of phosphorylation refers to the relative degree to which ATP is formed per se from ATP-generating reactions or processes associated with substrate or oxidative phosphorylation. Energetic uncoupling refers to the relative degree to which ATP or other energyrich compounds that are produced from catabolic activities are utilized by anabolic (biosynthetic) activities of the cell (Senez, 1962) .
With the former, no ATP is made even though the reaction takes place (e.g., oxidation of pyridine nucleotide through an electron transport process), whereas with the latter, excess ATP or energy-rich intermediates are formed but are subsequently dissipated via ATPase or other appropriate activities. Thus, a high degree of energetic uncoupling has been shown to increase cellular ATP levels (Lazdunski and Belaich, 1972) . For a given situation, it is quite difficult to determine experimentally whether low efficiency of phosphorylation or a high degree of energetic uncoupling or both are taking place. This experimental difficulty has no real relevance to the present discussion since both processes lead to the same result: an increased apparent (not real) diversion of ATP to nonmass producing processes, thus increased M e values. Henceforth, only the term energetic uncoupling will be used realizing that efficiency of phosphorylation could be a minor or major contributing factor in the situation to be discussed.
Energetic Uncoupling-Physiological Bases.
Almost all bacteria are capable of having varying degrees of energetic uncoupling. The most clear cut verification of this statement is the observation made by many researchers: washed cells suspended in buffer invariably ferment an added energy-yielding substrate, yet little, if any, growth results. A high degree of energetic uncoupling also can occur under growth conditions for most bacteria. For example, using tryptophan-limited anaerobic continuou s cultures of Strepto co ccus faecalis, it was shown that rate of fermentation of glucose (energy substrate) had no relationship to growth rate of the organism (Rosenberger and Elsden, 1960) . The simplest explanation for why energetic uncoupling occurs with most bacteria stems from the fact that their potential to produce energy from catabolic processes is far in excess of their potential to utilize that energy for biosynthetic purposes. This is evident from numerous investigations similar to those by Senez (1962) with Desulfovibrio desulfuricans, which is a minor component of the rumen bacterial population and reduces sulfate to sulfide. When D. desulfuricans was grown anaerobically on a lactate-sulfate medium with N2 as the nitrogen source, growth rate and cell yields were less than one-half those observed with ammonia as the N source, but the cellular rate of lactate (energy substrate) catabolism was identical. Data of studies on S.
faecalis and D. desulfuricans along with those from numerous other studies indicate anaerobic bacteria have limited control with respect to the overall cellular catabolism rate of energyyielding substrate. A similar conclusion can also be reached for aerobic bacteria based on data that show constant rates of energy substrate catabolism and of 02 consumption, but varying P:O ratios when growth is limited by another compound. Since the absolute expansion of intracellular ATP pools is relatively small and the cellular adenylate energy charge [(ATP + 1/2 ADP) -(ATP + ADP + AMP)] must be kept in the range of .8 to .9 for growth to occur (Chapman et al., 1971) , bacteria mainly utilize a number of fine control mechanisms to regulate ATP levels and ATP production from catabolic processes, but use coarse and (or) few mechanisms for controlling the overall cellular catabolic rate of the energy-yielding substrate.
From the foregoing discussion, it is evident that to obtain maximal microbial cell yields per unit of nutrient input (e.g., feed materials) the rate of ATP production from fermentation reactions must equal the usage rate by biosynthetic reactions at all times. In other words, energetic uncoupling must be minimized. Anything that would impair the biosynthetic use of ATP will result in higher energetic uncoupling, the degree of which will be reflected in increased M e values and leads to progressively greater decreases in microbial cell yields as the bacterial growth rate is decreased. A major factor that can easily regulate overall biosynthetic potential of cells is the nature of the nitrogen sources used for growth and whether these sources are in adequate supply in the growth environment. Ammonia is the major component of soluble N in the rumen and many rumen bacteria use it as their major N source for growth even in the presence of amino acids in the form of casein hydrolysate (table 11) . Perhaps it is because of these facts that the role of amino acids and (or) peptides in relation to microbial growth yields in the rumen has not been investigated more extensively. In the following section, some data are presented that show that amino acids and (or) their related compounds can have a significant influence on microbial cell yields.
Energetic Uncoupling in Rurnen Bacteria in Relation to N Metabolism. Using in vitro
continuous culture techniques, Satter and Slyter (1974) showed that microbial cell yields increased with increasing urea supplementation aGrowth in complex medium containing NH 3 and 14C-protein hydrolysate (AA). Bryant and Robinson (1963) . NH~ = t~mole NH~hzmole TCA-N product; 14C-AA = % total 14C in cells. bBladen et al. (1961) . CE = essential; NS, SS, S, or VS = not, slightly, somewhat, or very, respectivelyr stimulatory to growth, where stimulatory means increased log phase and (or) growth rate and (or) growth yield compared to complete medium with NH~, amino acids (or protein hydrolysate), and volatile fatty acids present. Compiled data from Allison et al. (1958) , M. P. Bryant (unpublished data), Robinson (1962, 1963) .
to the dietary materials until ammonia began to accumulate. These authors suggested that the soluble NH3-N level for optimal microbial growth was about 20 to 50 mg NH3-N/liter (1 to 3 mM). Wohlt et al. (1976) examined the levels of NH3 in rumen fluid in dairy cows with respect to time (hr intervals), rumen location (dorsal, rain-point and ventral), and diet (high and low concentrate). Their data showed in vivo rumen NH3-N levels ranged from 121 to 231 mg NH3-N/liter (7 to 13.5 raM). Data of these two studies would suggest that under adequate feeding regimens the prevailing NH3 concentration available for NH3-requiring bacteria would always be about 1 to 10 raM.
Two questions can be posed with respect to the bacterial nutritional standpoint: 1) Do anaerobic NH3-requiring tureen bacteria undergo a high degree of energetic uncoupling induced by NH3 limitation? 2) What level of exogenous NH3 could induce this uncoupling? In regard to the former question, on a theoretical basis the answer would be affirmative and one would predict that under conditions of high energetic uncoupling the microbial cell yield would drastically decrease without a concomitant equal decrease in levels of fermentation products. These predicted results are the type of results that were obtained experimentally, for example, by Satter and Slyter (1974) when growth of rumen bacteria in continuous culture was limited by input urea levels, although one must assume no major cell composition changes occurred as only protein was used as an index of growth yields. With respect to the second question, NH3 should limit growth yields and produce energetic uncoupling only when the environmental level of NH3 appreciably decreases the organisms maximal growth rate. This NH 3 level can be determined by studies that measure the K s value for NH 3 for an organism. Such studies are being done in our laboratories by Dan Schaefer with NH 3-limited continuous cultures of pure rumen bacteria. Preliminary data indicate K s values of 10 /aM and 20/aM for Bacteroides amylopbilus and Bacteroides ruminicola, respectively. The K s value is the concentration of NH3 that will allow the organism to grow at 50% of its maximal growth rate (which is determined from its growth in a complex, monomer-rich medium). A 10-fold increase in K s concentration will permit the organism to grow at 99% of its maximal growth rate, a rate rarely attainable in natural environments. Based on the preliminary data, these levels would be .1 to .2 mM which are considerably lower than the NH3 levels found in rumen fluid in the two studies indi-cated above. If other rumen bacteria have similar K s values for ammonia, then it is highly probable that the NH3 level in the rumen would seldom limit growth of NH3-requiring bacteria to such an extent that significant energetic uncoupling would occur. However, it has often been reported that cell yields and (or) dry matter digestibility can be improved by higher NH3 levels. These NH3 effects must not be affecting bacterial growth per se, but are of an indirect nature. For example higher NH3 levels could lead to formation of ammonium bicarbonate and consequently a higher rumen pH which allows for better microbial growth. Alternatively, one might speculate that at higher rumen NH3 levels, usage of NH3 by rumen bacteria is modified in that other transport and (or) enzyme systems are utilized, but direct data for such changes are lacking.
Dynamics of nitrogen metabolism in the rumen have been examined through the use of lS N-NHa + and the data indicate some 50 to 70% of the microbial N can be derived from ammonia (Pilgrim et al., 1970; Mathison and Milligan, 1971; Nolan and Leng, 1972) . It is evident then that other N sources can contribute in a large way to the microbial nitrogen needs for growth. These other N sources most likely are amino acids and peptides. Although many rumen bacteria show strain differences, ammonia can serve as the main nitrogen source for all species. Amino acids (table 11) can be incorporated at least to a small extent by all species and are slightly stimulatory to growth of many species (mainly cellulolytics). They are more stimulatory in the absence of branched chain volatile fatty acids and are the preferred major N source for some species. Most studies on use of amino acids by rumen bacteria have been with batch culture techniques, the intent being to establish the major nutritional requirements of individual species. Although these studies are important and yield much useful information, they cannot always readily show small effects, for example, on growth rates or yields. For a given organism that either requires an amino acid or has a slow rate of biosynthesis of an amino acid, absence of or low levels of that amino acid in its growth environment can lead to energetic uncoupling. Thus, the importance of amino acids on microbial growth in the rumen may sometimes have been underestimated.
The influence of amino acids on microbial growth in animals fed a purified diet containing urea as the sole nitrogen source has been examined by Maeng and Baldwin (1976) . Using in vitro, short-term incubations of whole rumen contents, addition of small amounts of amino acids increased overall microbial cell yield 36 to 62% (table 12) . These markedly increased yields cannot readily be attributed to lower energy costs due to decreased amino acid biosynthesis (table 6). The most likely explanation is that the amino acid additions decreased the degree of energetic uncoupling with the rumen microbial population as a whole. This effect is evident when one compares the cell yield to volatile fatty acid ratios. These ratios were always greater in the presence of amino acids up to about 6 hr postfeeding. In addition, it may be noted that amino acid additions increased the observed YATP to 24.5 (table 1) , which is almost equal to the theoretical YATP values of 25.7 to 26.5 calculated earlier (tables 5 and 7). Similar amino acid effects can also be deduced from data of in m'vo studies. Calculations made by Isaacson et al. (1975) for data from other studies suggest that amino acids or their related compounds can increase the efficiency of microbial growth in vivo (table  13) . As mentioned earlier, the observed YATP or Ysubstrate (Yhexose) changes with the specific growth rate due to the maintenance requirement (Me). Using data from glucoselimited continuous culture of mixed rumen bacteria, Isaacson et al. (1975) predicted a Yhexose based on the in vivo estimated microbial growth rate. A comparison of predicted Yhexose values to the Yhexose values determined from in vivo data can be made (table  13) . Data with protein-free diets show that with urea as the only N source, the observed Yhexose to predicted u ratio is considerably lower than the ratios observed when nonurea nitrogen was included in this diet. Similarly, high ratios are seen with other studies in which the diet contains reasonable levels of protein. Wright and Hungate (1967) have shown that only seven to eight amino acids were in detectable amounts in rumen fluid and that maximal levels occurred only within a few hours postfeeding. Their pooled data indicated individual amino acid concentrations of 18 to 100 /~M. The transport K m values (conc. necessary for 50% max. uptake rate) for amino acid or peptide transport systems of many bacteria are usually around 100/~M. Although little, if any, definitive data are available on amino acid transport systems in rumen bacteria, one can assume the kinetic parameters of these systems are similar to those found in other bacteria. If so, it is apparent that amino acid levels in the rumen often may be too low to allow for good transport rates, resulting in low or suboptimal growth rates of the bacteria, along with energetic uncoupling. Depending on the diet, Leibholtz (1969) has shown the levels of individual amino acids vary and that the total amount of all 14 free amino acids 1 hr postfeeding varies from .09 to .4 mg/ml (57 to 257 /aM). Thus, energetic uncoupling due to amino acid limitation probably does not occur within 1-to 2-hr postfeeding with diets containing reasonable levels of protein (e.g., alfalfa hay or wheat chaff plus dried milk). However, this effect may take place during this time with diets low in protein or with diets having urea as the main N source as indicated by data (table  12) of Maeng and Baldwin (1976) . These authors suggested that the starch and (or) soluble-carbohydrate fermenting bacteria were most affected by amino acid supplementation since the amino acid effect was closely correlated to the level of starch remaining in the rumen contents. The effects (in vitro and in vivo) observed with amino acids or protein may not always be due to these materials directly, but rather to the deaminated amino acid carbon skeletons and (or) oligopeptides. Studies have clearly shown that Bacteroides ruminicola preferentially uses oligopeptides over NH3 or amino acids (Pittman and Bryant, 1964) , but whether other rumen bacteria are able to use oligopeptides to some degree has not been thoroughly investigated. The use of oligopeptides both decreases the biosynthetic stress and decreases the transport energy expenditure as an inverse function of the polymer length. It is well established that volatile fatty acids, some of which (e.g., isovaleric) come from deamination of amino acids, are essential or stimulatory to growth of many rumen bacteria (table 11) . This stimulation often is greatest in media low or devoid of nitrogen sources other than NIt3 or urea. The main uses by rumen bacteria of these volatile fatty acids are for biosynthesis of amino acids and (or) longer branched chain fatty acids. The effects of volatile fatty acid addition to diets has not been investigated extensively. However, Hume (1970) has shown microbial protein production increased some 14% when volatile fatty acids were included in a protein-free purified diet fed to sheep. With low protein/high cellulose hay diets, volatile fatty acid supplementation was shown to increase the numbers of cellulolytic bacteria along with increasing hay intake and decreasing loss in body weight (van Glyswyk, 1970) . Cellulose and dry matter digestibility can be improved with high cellulose-urea diets (Cline et al., 1966) when diets contained volatile fatty acid supplcmentations. Thus, it can be speculated that lack of sufficient concentrations of amino acids, of volatile fatty acids derived from amino acids, or of oligopeptides may increase energetic uncoupling resulting in lower microbial cell yields relative to ATP formed via fermentation acid production in the rumen or to the amount of cellulose catabolized (degraded or digested) in the rumen. This effect would be most pronounced 5 to 6 hr or longer after feeding as proteolysis aData are the calculations of Isaacson et al. (1975) where predicted Yhexose values are from data obtained with continuouscultureofmixedrumen bacteria using the equation: 1/Yhexose = 11.2 • 10 -3 + 2.57 • 10-4/D. of dietary protein would be almost completed at this time.
From the foregoing discussion, it would appear that to maximize microbial cell yields by minimizing energetic uncoupling resulting from limitation of amino acids, oligopeptides or branched chain volatile fatty acids, individual concentrations of these compounds should be maintained at levels found shortly after feeding, i.e., 50 to 100 p~l. This might be accomplished by several methods. Since the in vivo degradation rate of free amino acids is fairly rapid (Chalupa, 1976) , direct supplementation of feed with free amino acids would not be expected to be feasible. A better approach would be to decrease the rate at which dietary proteins are degraded by some protection means and thus to provide a more continuous supply of the above-mentioned compounds. Various dietary protein protection treatments and their resulting ruminal effects have been amply discussed by Chalupa (1975) . However, most of these treatments and experiments were done with the intent of having the dietary protein by-pass the rumen, while what may be needed for decreasing energetic uncoupling is merely slowing down dietary protein degradation. Alternatively, higher rumen amino acid levels could be attained simply by use of feeding regimens with higher dietary protein and more frequent feeding intervals, e.g., every 3 hours. The combined effects of faster microbial growth rates with minimal Me values due to a lesser degree of energetic uncoupling would result in higher microbial cell yields. Obviously then, more research is needed in which both the microbial cell composition and yields are determined at various times with respect to the NH3, amino acid, oligopeptide, branched-chain fatty acids levels (or turnover rates) in rumen fluid under different dietary conditions. For various economic reasons, future ruminant feeding programs may have to employ lower quality forage materials. These materials are likely to contain more carbohydrate and less protein, resulting in an increased possibility of higher energetic uncoupling during microbial growth which decreases microbial cell protein yields.
Conclusions
Microbial cell yields per unit of energy produced (YATP) can be influenced by numerous factors. Changes in cell composition, growth nutrients, or transport processes, alone or in combination, can increase ATP costs for cell formation resulting in decreases of cell yields from 15 to 30%. These changes may partially explain lower microbial growth yields in rumen of animals under different feeding regiments. Based on known biochemical reactions and cell compositions, the theoretical maximal YATP ('~AA~) was estimated to be 25.7 to 26.5 for a mixed rumen microbial population.
The major factors directly regulating microbial growth yields and observed YATP values are the microbial growth rate and growth maintenance requirement (Me). Data from in vitro and in vivo studies indicate that the mixed rumen microbial population as a whole has a potentially low M e (1 to 2 mmoles ATP/g dry max wt/hr) and high observed YATP (<19 g dry weight cells/mole ATP formed). This implies that low ATP microbial growth yields observed in vivo may be due to low growth rates and large M e values. It is suggested that in vivo, the M e value increases mainly due to the influence of the energetic uncoupling component of M e . Some data suggest that depending upon dietary conditions in vivo limitations on the avaitabiIity of nutrients such as amino acids, oligopeptides, or branched chain volatile fatty acids, alone or in combination, can occur. This limitation results in a higher degree of energetic uncoupling: continued production of ATP by fermentation without a concomitantly equivalent production of microbial cells due to inefficient use of the ATP for biosynthetic reactions.
Overall, the rumen bacterial population as a whole has inherent potential to grow very efficiently and produce large microbial cell yields. However, in vivo environmental factors such as nutrient limitation can substantially limit this potential.
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